We describe what we believe to be novel methods for waveform synthesis and detection relying on longitudinal spectral decomposition of subpicosecond optical pulses. Optical processing is performed in both all-fiber and mixed fiber-free-space systems. Demonstrated applications include ultrafast optical waveform synthesis, microwave spectrum analysis, and high-speed electrical arbitrary waveform generation. The techniques have the potential for time-bandwidth products of Ն10 4 due to exclusive reliance on time-domain processing. We introduce the principles of operation and subsequently support these with results from our experimental systems. Both theory and experiments suggest third-order dispersion as the principle limitation to large time-bandwidth products. Chirped-fiber Bragg gratings offer a route to increasing the number of resolvable spots for use in high-speed signal processing applications.
Introduction
Fourier methods are widely used in optical information processing for time-domain waveform synthesis and detection. In such approaches an input pulse is spectrally decomposed and modulated by an appropriately designed spectral filter. In general, various ultrafast applications may need either generation or characterization of waveforms depending on whether their frequency response is or is not known a priori. Ultrafast pulses prove useful in driving or probing such systems because their broad, deterministic spectral amplitude sees many Fourier coefficients in the system transfer function. Traditionally, the space domain is used to perform optical Fourier processing, where pairs of gratings and lenses are used to decompose the spectral content of the pulsed, optical waveforms [1] . Liquid-crystal and acousto-optic (AO) modulators provide means for introduction of somewhat arbitrary system transfer functions [2, 3] . More recently, compact waveguide-based approaches have used arrayed waveguide gratings (AWGs) to perform a spectral decomposition analogous to those achieved with traditional, free-space coupled gratings [4] .
Information processing arrangements using the space domain for transverse spectral decomposition benefit from the maturity of such techniques, with respect to basic understanding, component quality, and the excellent phase control that free-space manipulations provide. Component insensitivity to optical power permits the shaping and detecting of high-peak-power pulses used to drive nonlinear optical systems. Furthermore, nonlinear optical elements can be introduced directly into these processors to provide unique ultrafast waveform synthesis capabilities [5] [6] [7] with response times in the range of femtoseconds. Drawbacks to free-space approaches include scaling in volume to achieve large timebandwidth products (TBWPs) and limiting the temporal extent of waveforms coupled back into a single-mode fiber (SMF). The origin of this last restraint is the time-space interrelation inherent in traditional pulse-shaping devices [8] . Spatial-temporal pulse shapers utilizing diffraction gratings and lenses have a spatial offset between advanced and delayed components in the transverse mode of the output optical waveform. A subsequent launch into the output fiber windows the spatial mode and thus also windows (i.e., truncates) the created pulse shape in time. AWG approaches rely on the complex waveguide elements to circumvent large processor volumes and time-space coupling issues, but they too are practically limited by fabrication requirements. The number of resolvable spots in the output waveform for both Fourier synthesis and direct space-to-time AWG approaches [4, 9] is equal to the number of waveguide channels. An alternative approach to Fourier processing relying on a single transverse spatial mode can better integrate with fiber systems and will scale in length only for the achievement of large TBWPs.
Our current research concentrates on creating fiber-based and fiber-integrated processing techniques for optical waveforms that utilize standard optical communications equipment. A Fourier synthesis approach succeeds in the time domain by using chromatic dispersion for longitudinal spectral decomposition. Drawing on the identical mathematical treatments of diffraction in space and dispersion in time [10] , an approximate Fourier transform (FT) of an incident optical signal is achieved via chromatic dispersion after reaching the so called far-field approximation. With such an amount of dispersion, the temporal waveform closely resembles the spectrum [11] . We call such a waveform a longitudinal spectral decomposition wave (SDW). A time-variant element (e.g., a modulator) filters this SDW, and conjugating the dispersion-based optical system through propagation in a dispersive source matched (i.e., of opposite sign but equal magnitude) to the first dispersive element allows us to recompose the pulsed waveform. The number of resolvable spots that the processor offers then relies on a suitable modulation scheme and the experimental ability to disperse a subpicosecond pulse using second-order dispersion. The fiber-based approach offers a route to an in-line pulse-shaping operation spanning long propagation distances as detailed in Section 2. The potential for large TBWPs under the extended time apertures of longitudinal SDWs is broadly appealing and is highlighted in the high-speed microwave-photonic processing applications of Sections 3 and 4. Section 5 introduces distortions affecting all longitudinal SDW processors and offers an alternative dispersion technology for TBWP maximization. Conclusions are provided in Section 6.
Optical Pulse Shaping
A number of science and engineering applications, including coherent quantum control and optical communications, motivate research in optical pulse shaping [12, 13] . Fourier synthesis methods are broadly implemented to achieve desired shaped pulsed waveforms with subpicosecond temporal features. In such an approach the produced optical signal is composed of a waveform proportional to the input pulse convolved with the FT of the applied system transfer function. Transverse SDWs that use free-space components offer an attractive level of power handling and phase stability for coherent control applications, but their time aperture scales with the volume of the system and may suffer from space-time coupling. Our all-fiber-based pulse shaper offers an alternative route to creating shaped waveforms, in which large TBWPs are achieved through the manipulation of waveforms in dispersion-compensated links. Experimentally altering dispersion-induced SDWs to perform pulse shaping has been described [14] and shown in mixed fiber-free-space systems [15] . Here we demonstrate an all-fiber realization for pulse shaping operating over dispersion-compensated fiber links [16] .
A schematic of our approach to pulse shaping using longitudinal SDWs is shown in Fig. 1 . To understand the technique, consider a subpicosecond transformlimited pulse at z ϭ 0 with its spectrum U͑0, ͒ propagating along the z axis of a fiber. Here represents a shifted spectrum around the carrier frequency, i.e., ϭ ⍀ Ϫ c if ⍀ is the absolute frequency. The optical field at the output of the first dispersive fiber element, assumed to provide anomalous dispersion (␤ 2 Ͻ 0, where ␤ 2 is the second-order term in the Taylor expansion of the propagation constant), is represented through the multiplication of the spectrum of the pulse at z ϭ 0 with a quadratic phase, yielding
The strength of the quadratic phase term depends on the value of ␤ 2 and on z, the propagation length. In the time domain, pulse propagation [i.e., Eq. (1)] is represented by a Fresnel integral, which relaxes to the so called far-field approximation when the condition |␤ 2 z| Ͼ Ͼ 2 ͞2, where is the transform-limited pulse half-width, is satisfied. In this regime the timedomain signal represents the spectral amplitude closely. Thus the relationship |␤ 2 z| Ͼ Ͼ 2 ͞2 indicates the propagation requirements needed to achieve a SDW in the time domain. With dispersion in SMF of ␤ 2 ϭ Ϫ20 ps 2 ͞km and pulses of ϳ0.1 ps duration, the far field is achieved within only a few meters of fiber.
Modulating the temporal SDW with ideal signal v͑t͒ ϭ A ϩ B cos͑ 0 t͒ using an electro-optic (EO) device and then propagating through a dispersioncompensating element providing matched standard dispersion leads to an output waveform in the time domain [16] : 
We make an assumption that the period of the modulating signal, T 0 ϭ 2͞ 0 , is less than the time aperture of the SDW. In Eq. (2) the formation of three pulses is recognized: one advanced and one delayed from a central pulse. Ignoring the constant phase terms, Eq. (2) shows that the temporal shifts of the satellite pulses are proportional to the strength of ␤ 2 , z, and 0 . Larger chromatic dispersion or higher modulation frequency leads to greater shifts in time. Because the output of a longitudinal SDW FT pulse shaper is the input pulse convolved with the FT of the modulating spectral filter, intuitively, the pulses in Eq. (2) correspond to the three frequency components of the modulating signal, v(t). Thus, by controlling the spectrum of the electronic signal applied to the modulator, an arbitrary temporal optical waveform can be created. A linear phase term modulating each satellite pulse is seen to upshift and downshift the temporal bandwidth of the delayed and advanced pulses, respectively, by the modulation frequency. With the use of an EO modulator for signal filtration, these Doppler shifts may approach tens of GHz. Although frequency shifts from the carrier are present in the satellite pulses created in traditional pulse-shaping methods as well, such shifts are smaller because slower modulators are utilized. To reduce the frequency shifts of the satellite pulses in our technique, a larger dispersion-induced time aperture is needed.
Although not critical to all pulse-shaping applications, this dependence of frequency shifts on temporal shifts requires consideration when performing signal processing. The intensity waveform resulting from a simulation that follows the model developed by Eq. (2) is shown in Fig. 2(a) . The modulating signal is identical to v(t) used in Eq. (2) where the coefficients are such that the dc component is stronger than the microwave signal ͑A Ͼ B͒. The launched 150 fs pulse was stretched to and compressed from 1 ns with purely second-order dispersion, and the modulating tone is set such that 0 is equal to 2 ϫ 7 Grad͞s. Satellite pulses should appear at temporal locations, t ϭ Ϯ␤ 2 z 0 , which correspond to roughly Ϯ2.3 ps as ␤ 2 z ϭ 52 ps 2 . Because of the difficulties in measuring optical waveforms with subpicosecond features, Fig.  2(b) shows the modeled results of a practical solution to detection: an intensity autocorrelation (with background) of the signal in Fig. 2(a) .
The experimental approach to realize pulse shaping follows the schematic in Fig. 1 . A Coherent MIRA pumped optical parametric oscillator delivers 150 fs transform-limited pulses at 76 MHz and 1 nJ of energy per pulse. The matched dispersive elements are spools of SMF and a dispersion-compensating fiber (DCF) module. The operating wavelength is tuned to 1.55 m to minimize attenuation and realize substantial dispersion. A grating stretcher precedes coupling into the SMF to avoid optical nonlinear effects associated with the highest peak intensities. Approximately 2.6 km of SMF are employed to disperse the pulse to a nanosecond FWHM. The DCF module provides Ϫ44 ps͞nm of dispersion compensation. Experimentally, launching pulses of the order of 100 fs requires that all fibers and prechirping devices be matched with high precision. The length of SMF must be tailored to within a few meters of the ideal length to measure a subpicosecond pulse at the output. Spectral filtering via modulation is performed by a 10 GB͞s LiNbO 3 Mach-Zehnder intensity modulator. The output waveform from the DCF is measured using a Michelson-interferometer-based autocorrelator. To view the interferometric autocorrelation trace (ACT), an amplified silicon photodiode is operated in a nonlinear detection mode via two-photon absorption (TPA) [17] . The TPA detection scheme provides useful phase sensitivity that gives experimental verification of full pulse recompression after propagation in the DCF. The nonlinear detection also facilitates detection of the time-frequency-shifted satellite pulses since the cross correlation of these pulses (within the autocorrelation of the entire waveform) will average to the background level with a slow linear detector. The intensity requirements of the TPA process, however, require that an erbium-doped fiber amplifier (EDFA) be used in the system.
Detected results from the experimental setup described above are given in Fig. 3 . The two intensity autocorrelations are generated through digital postprocessing of measured interferometric ACTs. In both cases the radio-frequency (rf) signal generator supplied a 7 GHz sinusoid with 15 dBm electrical power. In the experiments represented in Fig. 3 (a) the bias to the modulator is controlled such that a strong dc (unmodulated) component is allowed to pass. Relating to Eq. (2), the optical field can be described with coefficient A greater than coefficient B. The temporal shift, t ϭ Ϯ␤ 2 z 0 , should correspond to Ϯ2.3 ps. Correspondingly, Fig. 3(a) shows close similarity to the modeling output of Fig. 2(b) . Here again the small pulses at Ϯ4.7 ps in the ACT are formed by the cross correlation of satellite pulses at Ϯ2.3 ps in the output optical waveform. The strong central pulse in the output field cross correlating with a satellite pulse leads to the pulses at Ϯ2.3 ps in the ACT. In Fig. 3 (b) the modulator is null biased to completely remove the unmodulated optical carrier component. The output field is described by setting A to zero in Eq. (2) . Confirmation of the near full modulation depth is given by the complete removal of visible pulses at Ϯ2.3 ps in the detected intensity ACT. The elevation of the signal background in Fig. 3 (b) from 1 to just less than 1.2 is evidence of an uncompressed background arising from self-phase modulation and dispersion. The background is estimated to contain approximately 75% as much power as the signal. Here the localized loss of the null-biased modulator led to a compensating increase of power above the nonlinear threshold at another location in the system. This background is undesirable and can be avoided, as seen in Fig. 3 (a), with stricter power budgeting and avoidance of nonlinear interactions. Of central importance, the trace in Fig. 3 (b) points to an unavoidable distortion that creates a departure from the 2:1 ratio of the central pulse to side pulses. Two equally intense pulses should produce a 2:1 ratio when autocorrelated. Higher-order dispersion terms in the fiber propagation introduce signal-dependent broadening leading to a distortion mechanism further detailed in Section 5.
The figure of merit to describe the pulse shaper is its TBWP. For the fiber-based pulse-shaping method, the maximum TBWP relates to the ratio of the time aperture of the SDW to the transform-limited pulse duration (bandwidth equivalent). For nanosecondscale time apertures, this number exceeds 10 3 . However, a maximum modulator speed of ϳ100 GHz limits the number of resolvable spots in the output by reducing the maximum temporal shifts. TBWP could then be defined as the ratio of maximum modulator speed to minimum achievable modulation speed (defined as the inverse of the time aperture of the SDW).
For nanosecond scale SDWs our TBWP would exceed 10 2 . To return to 1000 resolvable spots, Ͼ10 ns time apertures are required. Limiting progress is the challenge of recompressing large-time-aperture SDWs with DCF. The ultimate observed TBWP limitation comes from the presence of aberrations associated with higher-order dispersion. As mentioned above, and clarified further in Section 5, higher-order dispersion drastically reduces the usable range of temporal shifts.
The pulse shaper creates copies of the original pulse at temporal shifts corresponding to the spectral components of the modulating signal, indicating that the processor can function as a high-bandwidth microwave spectrum analyzer [18] . Here the spectral resolution figure of merit is determined by two satellite pulses that can be temporally resolved. This requirement is satisfied to first order if their modulation frequency difference is greater than the inverse of the time aperture of the SDW. For microwave spectrum analysis applications as described in [18] , one can determine the microwave spectral content of an unknown signal v(t) by examining the temporal waveform output from the system while scaling time to frequency by ϭ t͑͞␤ 2 z͒.
Microwave Spectrum Analysis
Analysis of microwave signals in the gigahertz to terahertz range is of critical importance to a variety of fields including radar and lidar, imaging, and astronomical detection [19, 20] . Commonly employed electronic techniques are limited in speed and rely on channelization of the signal bandwidth to provide high-resolution spectrum analysis. Microwave photonics methods for spectrum analysis offer the potential to achieve wide instantaneous bandwidth in compact designs [18, 21] . Recognizing the utility of the pulse-shaping method in Section 2 for microwave spectrum analysis, we modify that technique to demonstrate an approach for microwave spectrum analysis that exploits the bandwidth of longitudinal SDWs to process microwave signals without the technical challenge of recompressing the ultrafast optical signal. Specifically, a straightforward method for microwave spectrum analysis is realized with ultimate potential for analyzing signals with bandwidths approaching 100 GHz and with resolution less than 10 MHz [22] .
A schematic diagram of our approach is shown in Fig. 4 . The front end is similar to that of the fiberbased pulse shaper. After large initial dispersion, the SDW is separated into two copies, whereby one is modulated by the microwave signal of interest, and the other copy is given an adjustable temporal delay. Upon recombination and square-law detection, the delayed, dispersed pulse copies create an intermediate frequency (IF) in the generated photocurrent. To first order, a unique temporal beat frequency exists between the two SDWs in relation to the time delay and strength of dispersion. For microwave signal processing, the IF serves as a delayed-tuned local oscil- Fig. 2(b). (b) ACT when the modulator was null biased. The autocorrelation process leads to the formation of three pulses as the inner two satellite pulses drop out.
lator (LO) sweeping over the modulation spectrum. Using a time-averaged detector as a low-pass filter (LPF), the system isolates that microwave signal component that is homodyned by the variable LO. A trace over all delays, equivalent to a cross correlation of the two pulses, shows correlation peaks for all spectral components of the microwave signal. This arrangement is analogous to a rf superhomodyne receiver.
An analytic description of the microwave spectrum analyzer proceeds in the time domain. Linear chromatic dispersion introduces a quadratic spectral phase, and therefore in the time domain an ultrashort pulse is convolved with a quadratic phase of strength proportional to ␤ 2 and z. Equation (3) describes this Fresnel transform on the ultrashort pulse after it is relaxed by the Fraunhofer approximation in the temporal far-field:
The pulse described by Eq. (3) is split into two copies:
The amplitude of one copy is modulated by a microwave signal, s(t), while a delay, , is introduced onto the second one. Recombining the two pulses yields a signal:
For small delays the pulses overlap nearly completely, and the SDW envelope shape becomes of secondary importance. Detection of the received signal with a square-law photodiode produces a cross term with a linear phase proportional to the delay. Time averaging the cross term by the detector for time, T, leads to a signal:
Thus, as the time integration is lengthened, the detection will isolate the component of s(t) oscillating at a microwave frequency, ͑͞2␤ 2 z͒. By varying the delays, all the spectral components of s(t) can be determined from the correlation process. The additional constant phase related to 2 in the cosine term is negligibly small. Figure 5 shows experimental results from a proofof-concept experiment. We implement the system by first generating 150 fs pulses at 1.55 m in a MIRA optical parametric oscillator laser system. The pulses are dispersed in a free-space grating stretcher to the picosecond scale to lower peak power before they are launched into 25.2 km of SMF. An optical spectrum analyzer is used to monitor and confirm no change in the spectrum of the pulse at the output of the fiber to ensure that the propagation is linear. The generated longitudinal SDW is over 6 ns in duration. The polarization of the SDW is set with a polarization controller and a fiber-coupled linear polarizer. This waveform enters a free-space Mach-Zehnder arrangement where it is split; one copy is controllably delayed while the other copy enters a 1 GHz LiNbO 3 modulator. The modulator is driven by a rf source, which produces a 760 MHz tone locked in phase to the 76 MHz repetition rate of the laser (see the following discussion). A bias accompanies the rf tone. Detection of the cross correlation is recorded in an InGaAs photodiode. The upper axis of Fig. 5 provides the correlation delays as recorded, whereas the lower axis makes use of the conversion of delay to frequency, f ϭ ͑͞2␤ 2 z͒. The corresponding spectrum of s(t), as read from the lower axis, confirms the dc term and oscillatory terms at Ϯ760 MHz. Viewing the upper axis, the trace has peaks at the central point and Ϯ2.4 ps (2␤ 2 zf m ϭ 2.4 ps if ␤ 2 ϭ 20 ps 2 ͞km, z ϭ 25.2 km, and f m ϭ 7.6 ϫ 10 Ϫ4 THz). The requirement of time averaging introduces an experimental trade-off. In order that the LPF operation remains narrowband, long time integration is necessary. This additional time not only introduces latency but also implies that more pulses from the pulse train will fall on the detector in a given integration window. The spectrum of the ultrashort pulse subsequently becomes discretized where the comb function multiplying the optical spectrum has a finesse related to the integration time. With respect to the operation of the microwave spectrum analyzer, the LO is discretized because the beat between a pulse pair can only constructively add to that of the next pair in the train at frequencies corresponding to multiples of the laser repetition rate. Ultimately, spectrum analysis produces a sampled version (Fourier series) of the microwave spectrum of s(t). To produce a measurable signal when multiple pulses are averaged, our demonstrator analyzes a rf tone derived from a 10ϫ multiplication of the repetition rate of the laser. However, low-repetition-rate modelocked laser pulses with large subsequent dispersion can generate SDWs that fill the entire integration window. If integration is matched to the pulse repetition period, the probability of intercept goes to unity while LO spectral discretization and the signal phasing requirements vanish.
The resolution of the method is locked to the time aperture created by the SDW and hence the length of propagation in the dispersive element. To achieve 10 MHz resolution 100 ns SDWs are needed. Although the LO can be tuned to frequencies approaching the bandwidth of the ultrashort pulse, at such delays the pulse pair is incapable of providing full LO resolution. The lack of pulse overlap reduces the effective time aperture and, by the uncertainty principle, degrades resolution. Current technologies limit EO modulation to the 100 GB͞s and slower range. For such microwave signals, the amount of delay required to generate the LO is less than 10% of the pulse width, thus ensuring large pulse overlap. More significant than pulse overlap, higher-order dispersion can reduce the TBWP by orders of magnitude as the LO resolution degrades quickly at low frequencies. The effect is detailed further in Section 5. Note that using a purely linear dispersive element, the TBWP of such a device could exceed 10,000 resolvable spots. To avoid the need for scanning and fully take advantage of the large instantaneous bandwidth short pulses offer, the space domain must be exploited. In such a manner, variable delays are introduced in parallel and arrayed detection is employed to achieve correlation in space [23] .
High-Speed Microwave Signal Generation
Many applications can exploit the high-speed IF generated through the interference of two delayed, dispersed ultrafast optical pulses. In contrast to the microwave spectrum analysis approach pursued in the former section, a high-speed photodection system can convert the IF into an oscillating photoelectric current [24] . Such an approach is shown as a path toward linear synthesis of ultrawideband (UWB) microwave signals with arbitrary waveform.
UWB signals are receiving much attention for their potential use in both radar systems and highspeed data links [25] . Their large fractional bandwidth provides multipath immunity, low probability of intercept, and high-precision ranging capabilities. Lowfrequency spectral components also offer significant ground and material penetration. Conventional means for generation of UWB signals are limited due to the relatively slow speed of electronics for digital-to-analog conversion. Currently available arbitrary waveform generation devices operate up to only a few GHz. The desire to create UWB signals with carrier frequencies in the tens of GHz and fractional bandwidths approaching 100% suggests investigating microwavephotonic approaches. A number of hybrid opticalelectronic techniques for microwave-and millimeterwave arbitrary waveform generation have been explored. Pulse waveform compression using dispersion was used to spectrally shift a 10 GHz tone to 15 GHz [26] but was limited in achievable frequency shift due to rf signal distortion. A similar approach with adaptive processing and an optical supercontinuum source produced rf signals in the 1-12 GHz range [27] . These methods were further modified for operation with the Talbot effect to produce highly compressed periodic waveforms [28] . However, all three of these methods are limited to generation of microwave sinusoids where signal modulation is restricted to frequency variation. Space-to-time optical methods offer an alternative approach to microwave arbitrary waveform generation [29 -31] , but these methods are limited to the TBWP of spatial pulse shapers. In these techniques, delayed and weighted optical pulses serve as samples for a desired electrical waveform, which is generated through subsequent low-pass filtering via detection of the pulse train envelope in a photodiode. A promising approach producing microwave tones through isolation and mixing of comb lines of a mode-locked optical source has demonstrated generation of a 12.4 GHz microwave carrier with nanosecond-scale envelope features [32] . This approach suggests a system to modulate the individual comb lines and mix via photodetection for complete microwave arbitrary waveform generation. However, the underlying shortcoming is that all the microwave tones are locked to the repetition rate of the original mode-locked source. Thus the achievement of an arbitrary carrier frequency is greatly limited unless a serrodyne technique is employed. The system also loses power contained in all unused comb lines.
Our work demonstrates a method for electrical arbitrary waveform generation with independent envelope and carrier control through the manipulation of longitudinal SDWs in the time-domain pro-cessor of Fig. 6 [33] . As in Section 3, the basic processor unit is an asymmetric Mach-Zehnder interferometer. Whereas the microwave spectrum analysis technique relied on a slow integrating detector, the arbitrary waveform generation technique requires a fast photodiode to convert the IF into an electronic carrier frequency. Thus, to first order, at the output of the processor, photodetection and filtering creates a bipolar electrical signal with carrier, f m ϭ ͑͞2␤ 2 z͒. An EO modulator in one arm of the Mach-Zehnder interferometer defines the microwave envelope. The time aperture of the longitudinal SDW sets a lower limit on the slowest realizable feature size or carrier frequency. Concurrently, the large optical bandwidth ͑Ͼ1 THz͒ makes fast carrier generation achievable; however, this number is practically limited by available photodetector speed. Envelope features imprinted on the pulse copy with the EO modulator are limited by the speed of the signal generator and modulator. An extension to signal generation with large fractional bandwidth for UWB is achievable if the processor were expanded to include multiple channels. As an example linear synthesis is possible with the introduction of a second modulated and delayed path, as suggested in Fig. 6 , creating at the output a superposition of three modulated microwave carriers.
Our experimental approach is identical to that of Section 3 except for the use of an inline EDFA after the fiber spool and detection using a sampling oscilloscope with a 30 GHz optical detector head. Additionally, a high-pass filter is used to isolate the signal of interest from the dc term associated with the SDW envelope. Because of the nature of the sampling oscilloscope, the modulator is again driven by sinusoids derived from a harmonic of the laser repetition rate. The technique demonstrates high-speed microwave signal generation. The system offers independent control of the carrier and envelope. The TBWP of such a system is limited by the achievable time aperture (10 -100 ns) and maximum photodetector speed ͑ϳ100 GHz͒ to values in the range of 10 Practical limitations to TBWP stemming from higherorder dispersion are even more restrictive. These will be discussed in Section 5. Additional channels would greatly improve the fractional bandwidth of generated signals, ultimately providing a path toward microwave arbitrary waveform generation.
Distortion to Longitudinal Spectral Decomposition Wave Systems
The principle distortion source for systems processing longitudinal SDWs is the nonuniform mapping of the optical spectrum to the temporal position within the SDW. The problem arises if the dispersive medium that utilizes quadratic dispersion (i.e., ␤ 2 ) to convert a transform-limited ultrashort pulse into a linearly chirped longitudinal SDW has significant higher-order dispersion terms in the Taylor expansion of the propagation constant (i.e., ␤ 3 , ␤ 4 , etc.). For the case of standard single-mode and dispersioncompensating fibers employed in our demonstrators, at our specific operating wavelength and bandwidth the most significant of these is ␤ 3 . The resulting distortion brings significant reduction in TBWP to each of our waveform synthesizers and analyzers discussed above. To restore the TBWPs of our processors, a dispersion-free source of higher-order terms must be employed. In this direction we experimentally highlight the capabilities of chirped fiber Bragg gratings (CFBGs) to provide pure second-order dispersion, and we address the principle hindrance to their employment, strong second-order polarization mode dispersion (PMD).
For our systems, Eq. (1) should be modified to reflect the presence of ␤ 3 : 
The new phase term induces a quadratic mapping of the spectral component to the temporal position in the longitudinal SDW. This term then distorts the otherwise linear mapping provided by the ␤ 2 term. Because the effect on the dispersive stretch-andcompress processor is conceptually different from the stretch-only methods, an examination of each type will elucidate the role of ␤ 3 in TBWP reduction. The optical pulse shaper creates delayed copies of the original pulse through frequency shifting the signal at the last precompensation point of a dispersioncompensated link. Although we introduced the technique for ultrafast optical waveform synthesis, the general approach is receiving attention as a method for slow-light optical buffering of longer, optical communication pulses [34 -37] . This community likes to refer to frequency shifters (EO modulators) as time prisms. Recall that the principle of operation, introduced in Section 2, is to introduce a variable group delay through upshifting or downshifting the carrier frequency before the compensating fiber, where ␤ 2 gives the desired group velocity adjustment to the frequency-shifted signal. Similarly, if ␤ 3 is present, it results in a group velocity dispersion adjustment. Thus time delayed or advanced pulses will see residual uncompensated group velocity dispersion, which will cause pulse broadening. Detailed mathematical treatment of these processes is described in [16] . The net result is that pulse time shifts greater than a certain duration will result in a convolution smearing of the satellite pulse energy to background levels. As a figure of merit we introduce the pulse shift (delay or advance) that results in pulse width doubling as
For our fibers where ␤ 2 Ϸ Ϫ20 ps 2 ͞km, ␤ 3 Ϸ 0.1 ps 3 ͞km, and T o ϭ 0.1 ps, then T s ϭ 3.4 ps. Thus a pulse shifted by 34 pulse widths will encounter a pulse width doubling. Note that longer initial pulse widths like those used in optical communications incur reduced ␤ 3 spreading, but their time delay comes at the expense of larger ␤ 2 z products and thus increased system latency and loss. Experimental evidence of the ␤ 3 delay-induced spreading is shown in the four overlaid intensity autocorrelation traces of Fig. 8 . These ACTs are similar to the result in Fig.  3(b) with modulation frequencies of 3, 4, 5, and 6 GHz. The EO modulator is null biased to produce two pulses in the output field and three pulses in the ACT. Incurred nonlinear penalties lead to an uncompressed background as is detailed in Section 2 for the description of Fig. 3(b) . In the ACTs of Fig. 8 , larger frequency or temporal shifts introduce larger temporal spreads in the detected pulse pairs. The departure from the 2:1 central-pulse-to-satellite-pulse ratio in the ACTs provides evidence that the advanced pulse in the field was less broadened than the delayed pulse. This effect arose through interplay between the ␤ 3 effect and residual uncompensated ␤ 2 . At the output, spreading from uncompensated ␤ 2 is the same for all shifted pulses, but spreading due to ␤ 3 is pulse position dependent. As the two effects superpose, a single pulse shift will see minimum spreading. Thus, although ␤ 3 is generally an aberration, it could be useful in creating asymmetric waveforms.
The microwave spectrum analyzer and waveform synthesizer of Sections 3 and 4 operate by creating a single-frequency beat tone in the microwave range through the interference of delayed copies of the dispersed SDW. When ␤ 3 is present, a cubic spectral phase produces a higher-order mapping of the spectrum to time in the SDW. Thus the beat between delayed longitudinal SDWs will not form from a constant frequency offset at all points under the SDW envelope. The result is that this IF will be time variant, and the resulting LO for the spectrum analyzer or the carrier for the generated microwave signal will suffer an increased linewidth. Furthermore, when introducing larger delays to increase the LO or carrier frequency, the linewidth will increase as well, resulting in rapid resolution decrease and loss of signal strength. This issue is illustrated schematically in Fig. 9 .
A potential solution to the problems stemming from the use of optical fibers is to employ instead CFBGs with controllable dispersion parameters. Writing techniques for long CFBGs are improving, and commercially available gratings offer differential group delays well in excess of 100 ps (shortest path to longest path delay relates to grating length) [38, 39] . Gratings also offer the benefits of low loss, low latency, short interaction length, and small footprint. A number of works have demonstrated passive optical pulse shaping through the use of superstructures and spectral filters written directly into fiber Bragg gratings [40 -43] . When using designed CFBGs, the resulting complications of ␤ 3 give way to the simplified analysis of Sections 2, 3, and 4. As evidence of their performance improvement, Fig. 10 demonstrates the linewidth improvement to LO-microwave carrier generation offered by a CFBG over standard SMF-28. Both a SMF spool and a CFBG were used to disperse a subpicosecond pulse to ϳ5 ns. The grating offers 340 ps͞nm of dispersion and was created to have a purely quadratic spectral phase response, i.e., with ␤ 3 ϭ 0. The spool of SMF-28 was 25.2 km long. The timedomain signals created through the interference of two delayed pulse copies were recorded using a fast p-i-n diode. No subsequent filtration was performed. The FFTs from both SMF (solid curve) and CFBG (dashed curve) are overlaid in Fig. 10(b) . Figure 10 (a) is a modeling result that is well replicated in Fig. 10(b) . Longer delays (higher beat frequency) result in greater broadening for SMF but show little measurable difference from short delays (lower beat frequency) for the CFBG. The improvement to microwave carrier linewidth is clearly observed.
While CFBGs offer a plan toward processor improvement with regard to ␤ 3 distortion, they are not yet suitable for integration into our demonstrators. A principle hindrance to further usage of CFBGs is the well-known problem of their birefringence [44] . This birefringence is fundamental and is induced during the writing process. Because the birefringent axis rotates along the length of the long grating, it can be considered a concatenation of many wave plates. Additionally, each region of the grating is responsible for reflecting a different spectral component, leading to a net result of spectrally dependent polarization rotation. In practice, the effect looks like all-order PMD. Compensating for the polarization rotation requires either a fast time domain polarization rotator or fine stress modifications to the grating. Both approaches prove experimentally challenging. A method for complete PMD mitigation through design strategies is desirable.
The net result of second-order PMD is the poor efficacy of any subsequent polarization-dependent devices or processes. The most important limitation in our processors is the incompatibility of longitudinal SDWs from CFBGs with EO modulators. The polarization variation results in both spectrally dependent transmittance and spectrally dependent modulation depth. The severity of the second-order PMD can be seen in Fig. 11 . For visualization, polarization states of 30 cw wavelength signals between 1535 and 1565 nm are recorded and displayed on the Poincaré sphere. The samples are spaced by 1 nm and have identical initial polarization. Figure 11(a) shows a control where the tunable laser is passed only through SMF patch cables. Figure 11(b) shows the polarization state of the light at different wavelengths after reflection from the CFBG. Clearly, the distribution of polarization is undesirable. Our current efforts are focused on obtaining and characterizing CFBGs written in polarization-maintaining (PM) fibers. We hope that the large PM fiber birefrin- gence will allow all spectral components of the signal to align in a single principle state of polarization. Subsequent processing can make use of the availability of pure ␤ 2 to improve the TBWP of all longitudinal SDW Fourier techniques.
Summary
In summary, we have presented optical signal processing methods based on longitudinal spectral decomposition of ultrashort pulses using chromatic dispersion. Our techniques perform ultrafast optical pulse shaping, microwave spectrum analysis, and microwave electronic signal generation. With the maturity of space-domain techniques for ultrafast optical signal processing, the motivation to pursue timedomain approaches stems from the ease of system scalability to large time apertures and the compatibility with fiber-optic equipment. Ultimately the creation of nanosecond to microsecond, longitudinal SDWs implies huge TBWPs for these processors. Accessing the large TBWP requires some technological advancement, and we are currently pursuing CFBGs as a means of achieving ideal, long SDWs.
